On May 9th of 2003, the Institute of Space and Astronautical Science (ISAS/JAXA) launched an asteroid sample return spacecraft called "Hayabusa" (named after falcon). Hayabusa aims for the world's first sample return from an asteroid along with demonstrations of several space engineering technologies for sample-return. After more than two years' cruising phase by its ion engines, it arrived at Itokawa (Asteroid 25143) on September 12th of 2005. In the vicinity of the asteroid, Hayabusa succeeded in detail asteroid observations and performed five times' descent flights including twice landing operation on Itokawa to obtain asteroid samples. Its Earth return is expected around 2010.
Introduction
In November of 2005, Hayabusa carried out descent operations to the Itokawa ground surface five times. The latter two flights include landing operation for sample return. They were performed on November 19th and 25th. In these flights, the final touchdown phase was performed autonomously. From some sensor data, Hayabusa was found to have bounded twice on Itokawa and stayed there for about thirty minutes during the first landing operation. However, the trajectory has not yet analyzed in detail. The trajectory estimation is not easy since images and sensor data were not fully obtained. If Hayabusa behavior during its touchdown is revealed, detail investigations of the asteroid's surface and collision influence on the spacecraft become possible.
Here, the Hayabusa trajectory and attitude during the first landing operation ( performed on November 19th) is discussed. As to the first landing, several kinds of useful sensor data were obtained and the trajectory estimation is possible. The analized sensor data are as follws :
Attitude data from attitude sensors Velocity data from Range Rate (RR) Distance data from Light Detection and Ranging (LIDAR) and Laser Range Finder (LRF) Asteroid images and the the relative position to the Target Marker from Optical Navigation Wide Camera (ONC-W1) These data are not continuous because of the spacecrafts' attitude and telemetry condition. Therefore, the trajectory estimation was made by combining such fragmentary sensor information.
Coordinate system
In this research, several coordinate systems were used. They are described in Fig.2-1 .
HP (Home Position) coordinate system
The Hayabusa trajectory is discussed in the HP coordinate system. The HP +Z axis corresponds to the direction from Itokawa center to the Earth. The HP +X axis is on the Itokawa-Earth-Sun plane. Also, The HP +Y axis is almost the same as the Itokawa spin axis. Itokawa rotates around its spin axis with a period of 12 hours.
The HP coordinate system is rotating against the inertial system. The rotation period is +1 degree per day around the HP +Y axis. Since this rotation is very slow, the HP coordinate system can be considered as inertial during the touchdown phase.
S/C-fixed coordinate system
Most of navigation sensors analyzed here, LIDAR, LRF, and ONC-W1, have their field of view in the S/C-fixed -Z direction. During the final descent phase, the S/C +Z axis is kept toward the HP +Z axis direction, to hold the communication with the Earth. Also, the S/Cfixed +X axis is in almost the same direction as the HP +X axis. 
Data analysis
In the initial descent phase, the guidance and navigation were performed using the GCP Navigation method [1] . On the other hand, in the vicinity of Itokawa, autonomous guidance was conducted. Sensor data have to be analyzed to estimate the trajectory. Here, the GCP Navigation method can't be used because no image for this navigation was obtained from the ONC-W1. In this section, several kinds of sensor data are analyzed and trajectory information is obtained.
Analyzed sensor data are listed in 
GCP Navigation TD1 TD2

Attitude sensor
The attitude angle output is shown in Fig.4-1 . The attitude fluctuation is small before the touchdown . As mentioned in Section 2, The S/Cfixed +Z axis was kept toward the HP +Z direction, and the S/C-fixed +X axis is in almost the same direction as the HP +X axis.
Fig. 4-1: Attitude angle RR (Range Rate)
The RR data were continuously obtained until just before the first touchdown. Therefore, they are quite useful in the trajectory estimation. The survey plane at each time is determined from the four LRF data. Then, the position and attitude against this plane can be estimated. Here, the survey plane was determined using data of three LRFs, LRF-A, B, and D. Fig.4-5 shows the distance to the survey plane in the S/C-fixed -Z direction. Fig.4-6 shows the angle between the S/C-fixed -Z axis and the survey plane vertical. In Fig.4-5 and Fig.4-6 , the value after the second touchdown is invalid. The survey plane was not determined for lack of sensor data. As seen in Fig.4-6 , the angle is increasing as Hayabusa approaches Itokawa. On the other hand, the S/Cfixed +Z axis (Antenna direction) is pointing to the Earth (HP +Z direction) to keep the communication with the Earth. Therefore, it is estimated that Hayabusa descended to Itokawa moving toward a certain direction along the ground surface inclination as shown in Fig.4-7 . Hayabusa has two wide angle ONCs. One of then (ONC-W1) was used to monitor the Itokawa surface during the descent phase. ONC-W1 images were used in the GCP Navigation. It also functions as the Target Maker (T/M) tracking in the final descent phase. ONC-W1 gives two directional view angles between its center of view and the T/M (See Fig.4-8) . Here, relations between each coordinate are expressed as follows.
+X ONC-W1 = +X S/C body ~ +X HP -Y ONC-W1 = +Y S/C body ~ +Y HP The angle output is shown in Fig.4-9 . Each angle is expressed in the ONC-W1 frame. It indicates that the T/M moved in the ONC-W1 -X and -Y direction, viewed from Hayabusa. That is, in the HP -X and +Y direction. Also, when viewed from the T/M, Hayabusa moved in the reverse directions, the HP +X and -Y direction.
By using the attitude from the attitude sensor data, and the distance to the ground surface from LRF data, the relative position of Hayabusa to the T/M can be obtained. The results are shown in Fig.4-10 . Each value is expressed in the HP frame. Since the time span is short (10 minutes), the T/M movement is small. Therefore, Hayabusa is found out to have moved in the HP +X and -Y direction. The relative velocity of Hayabusa to the T/M can be also estimated from Fig.4-10 . When the T/M went out of the ONC-W1 view, the relative velocity is about +33 mm/sec in the HP +X direction, and -50 mm/sec in the HP +Y direction. Besides, the HP +Z directional velocity is obtained from the RR data. It is -25 mm/sec. Here, the Hayabusa trajectory during the final touchdown is estimated using them. The Itokawa 3D shape model and the T/M image on the Itokawa surface are used, along with the sensor data.
Itokawa model
After arriving at the home position, 20 km from Itokawa, Hayabusa took a lot of images of the asteroid with its Optical Navigation Cameras. Fig.4-11 shows the Itokwa image taken on November 19
th . On its central flat place, called Muses Sea, the shadow of Hayabusa and the illuminated T/M can be found. The Itokawa 3D shape model was made based on these images.
Fig.4-11: Itokawa image
Trajectory estimation
The trajectory was obtained by comparing the ground surface gradient calculated from the Itokawa 3D shape model and the survey plane gradient obtained from sensor data. Here, the angle between each plane vertical is expressed as θ. At each time, ground surfaces with small θ were chosen. They have to satisfy the information of the T/M position and sensor data.
The Hayabusa trajectory just before the second touchdown is shown in Fig.4-12 . It is expressed in the HP-XY plane. As seen in it, Hayabusa moved in the HP +X and HP -Y directions. These estimations are consistent with the results of the LRF analysis (Fig.4-6 ) and ONC-W1 analysis (4-10). The velocity was also obtained from Fig.4-12 . At the final phase of the T/M tracking, the velocity is +54 mm/sec in the HP +X direction, and -50 mm/sec in the HP +Y direction. Also, the rotation velocity of the T/M is about +20.5 mm/sec in the HP +X direction. These results are consistent with those of the ONC-W1 analysis.
The HP_Z directional position of Hayabusa is shown in Fig.4-13 , together with the Itokawa surface. The velocity before and after the first touchdown can be obtained from this figure. HP +33 mm/sec, HP +X direction -50 mm/sec, HP +Y direction +Z directional velocity is -85 mm/sec before the touchdown, and +17 mm/sec after the touchdown. 
Conclusions and remarks
The Hayabusa trajectory and attitude during the final descent phase to Itokawa were discussed. In this paper, 1) several kinds of fragmentary sensor data were analyzed and sensor information was obtained, 2) trajectory was estimated using the sensor information and the Itokawa 3D shape model, 3) the velocity variation due to the touchdown was estimated.
There still remains further work for this touchdown analysis. 1) More detail estimation considering dynamics, such as Itokawa gravity and thrust injection after touchdowns, 2) analysis during and after the second touchdown, 3) estimation of the Itokawa collision efficiency.
